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We have employed a polarized3He spin filter in conjunction with a position-sensitive detector
(PSD) to perform efficient polarization analysis of neutron diffuse reflectivity. This work was
carried out on the NG-1 polarized neutron reflectometer at the National Institute of Standards and
Technology Center for Neutron Research. We measured the specular and diffuse reflectivity of a
patterned magnetic array that has periodic square holes in a Co film. Analysis of the data yielded
spin-analyzed two-dimensionalQx−Qz reciprocal space maps for the sample in magnetized and
demagnetized states. We compared the measurements obtained with a3He analyzer and a PSD with
those obtained using a conventional supermirror analyzer and a3He proportional counter. The
results are in good agreement. For this experiment,3He gas was polarized by the spin-exchange
optical pumping method and stored in a uniform magnetic field provided by a shielded solenoid.
Improved optical pumping using a spectrally narrowed diode laser array yielded an initial3He
polarization of 70% in a 3He cell volume of 280 cm3. © 2004 American Institute of
Physics.[DOI: 10.1063/1.1791312]

I. INTRODUCTION

Improved fabrication techniques for magnetic thin films
has motivated construction of smaller magnetic devices such
as recording media and sensors, making analysis techniques
that characterize the magnetic features in such materials es-
sential. Among these materials and technologies, patterned
magnetic arrays have recently attracted considerable atten-
tion because of their promising advantages for high-density
data storage and sensor applications.1,2 Moreover, they are
ideally suited for studying fundamental magnetic interactions
due mainly to their highly controllable structures. As demon-
strated a decade ago,3 specular and diffuse polarized neutron
reflectometry(PNR) is a powerful probe to obtain informa-
tion on the depth profile of the magnetization, in-plane do-
mains, and interfacial roughness of magnetic thin films.4

PNR is especially important for buried magnetic films be-
cause other techniques such as scanning electron microscopy
with polarization analysis and magnetic force microscopy
can only probe the magnetic structures at or near the surface.

PNR has typically employed supermirrors(SM) for po-
larization analysis due to their high efficiency and neutron
transmission.5,6 While a single supermirror analyzer is well
matched to specular PNR and thus available on most reflec-
tometers, its limited angular acceptance makes it inefficient
for diffusely reflected beams. One possible solution that still
utilizes the supermirror technology is to use a stack of
curved or bent supermirrors.7,8 These devices do have a
larger angular acceptance of a few degrees. However, in

some situations an angular-dependent transmission due to the
bender focusing properties has to be taken into account. The
other consideration when using the beam reflected from a
supermirror bender is that the beam could be more divergent
due to the curvature. Polarized3He analyzers, which rely on
the strong spin dependence of the neutron absorption cross
section for3He gas, are in principle suitable for any diver-
gent scattered beam. This capability has been employed for
small-angle neutron scattering (SANS),9 diffuse
reflectometry,10,11 and large solid angle polarization analysis
at thermal neutron wavelengths.12 In general, a3He cell
could be made large enough to avoid restricting the angular
acceptance. In addition, a3He spin filter can have a homo-
geneous analyzing efficiency, predictable analyzing effi-
ciency and transmission, negligible small angle scattering
from the3He cell, and low gamma-ray background. By mea-
suring the data from the position-sensitive detector(PSD) at
different sample angles, a polarized3He analyzer in conjunc-
tion with a linear PSD provides a two-dimensional map of
the wave vector transfer in reciprocal space. These features
of the 3He analyzer are important for measurements of weak
off-specular scattering.

Off-specular scattering has many possible origins. It
typically arises from lateral structural and magnetic correla-
tions such as magnetic domains, surface and interface rough-
ness(both structural and magnetic), structural grains, and
artificially patterned structures. These structural and mag-
netic features might be laterally correlated or uncorrelated,
resulting in a different off-specular pattern. The length scales
of lateral inhomogeneities such as atomic interlayer interdif-
fusion, steps, and waviness accessible by PNR vary from
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,0.1 mm to <40 mm. Structurally induced off-specular
scattering has been discussed and measured using diffuse
x-ray and neutron scattering.13,14 Magnetically induced off-
specular scattering has been discussed15 and measured using
polarized diffuse neutron reflectometry.16,17

Two optical pumping methods are currently in use for
producing polarized3He gas for neutron spin filters,
metastability-exchange optical pumping(MEOP),18 and
spin-exchange optical pumping(SEOP).19 For spin filters in
which the gas is not continuously optically pumped, both
high 3He polarization and a long polarization relaxation time
are important for their performance in neutron scattering ap-
plications. For the SEOP method, we have made significant
progress in these two aspects. Our recent success in fabricat-
ing cells with relaxation times of several hundred hours20

and producing3He gas with 75%3He polarization21 have
improved the performance of polarized3He spin filters for
applications in polarized neutron scattering. In addition, this
method is well suited for future continuous operation on neu-
tron beam lines.

Recently, we have tested a3He spin filter on the NIST
Center of Neutron Research(NCNR) NG-1 polarized neu-
tron reflectometer by performing polarization analysis of the
specular reflection from an epitaxial magnetic bilayer,
Mn0.52Pd0.48/Fe.22 Here we report the use of a more efficient
3He analyzer in conjunction with a PSD and demonstrate its
application for diffuse scattering measurements of a pat-
terned magnetic thin film on the NCNR NG-1 reflectometer.

II. POLARIZED 3He SPIN FILTER AS A SPIN
ANALYSIS DEVICE

A. Principles of 3He spin filters

Neutron spin filters based on transmission through polar-
ized 3He gas rely on the strong spin dependence of the neu-
tron absorption cross section for3He gas via the resonance
reaction3Hesn,pd3H. The dependence of the analyzing effi-
ciency and neutron transmission on3He polarization and
other parameters such as the neutron wavelength, the3He gas
density, and the cell length is discussed elsewhere.22 For the
SEOP method, the laser power needed is proportional to the
cell volume. Spectrally narrowing the laser light substan-
tially decreases the power requirement23 and permits higher
3He polarization in large cells.21 Nevertheless, the achievable
3He polarization is currently limited to 1/s1+Xd, whereX
accounts for the recent observation that the3He relaxation
rate increases linearly with the Rb vapor density with a slope
that exceeds the Rb–3He spin-exchange rate constant.21,24 X
varies from cell to cell but is typically about 0.33, which
limits the maximum3He polarization to 75%. We now rou-
tinely obtain3He polarizations of 74%–77% for long relax-
ation time3He cells with volumes up to 500 cm3. To obtain
higher 3He polarization using SEOP, the source of
temperature-dependent relaxation must be eliminated or re-
duced. Studies are under way at the National Institute of
Standards and Technology(NIST) and the University of Wis-
consin at Madison.

For the 280 cm3 cell with a relaxation time of 520 h,
“Bullwinkle,” used in this experiment, we have obtained

64% 3He polarization with a single 20 W spectrally nar-
rowed diode laser. For this work, the addition of an available
30 W broadband laser and a longer optical pumping time
allowed us to reach 70.5%3He polarization. The3He cell
was polarized off line in a 2.6 mT magnetic field and trans-
ported to the reflectometer in a 1.3 mT field provided by a
portable solenoid.

B. Uniformity of the analyzing power of the 3He spin
filter

To maintain the polarization of the3He cell while in use
on the reflectometer, the cell was positioned in the center of
a short shielded solenoid(SSS), which consists of a solenoid
surrounded by cylindrical mu-metal shielding and mu-metal
end caps. The SSS is 27 cm in diameter and 30 cm long and
each end cap has a 5-cm-diam hole to pass the neutron beam.
We surrounded the hole nearest the PSD with neutron shield-
ing material to prevent transmission of the beam through the
mu-metal. Prior to our experiments, we first determined if a
polarized beam could be efficiently transmitted through the
solenoid. We placed the SSS only(no cell) on the sample
stage to allow for translations±1.4 cmd and rotations±5°d in
the horizontal plane(scattering plane). The polarization of
neutrons was maintained by a guide field perpendicular to
the scattering plane along the entire neutron flight path ex-
cept the region of the SSS. As a neutron enters the SSS, its
spin is adiabatically rotated to be along the magnetic field in
the SSS, which is parallel to the neutron beam. When a neu-
tron exits the SSS, its spin is adiabatically rotated back to be
along the vertical guide field. The field strength in the SSS
needed to maintain the3He polarization is fairly arbitrary,
but heat dissipation becomes significant at fields above about
6 mT. We operated at a field of 5 mT, which provided suf-
ficient leakage of longitudinal field for efficient adiabatic ro-
tation of the neutron spin. We used a Fe/Si SM polarizer and
a precession coil spin flipper25 in the incident beam to select
the polarization of the incident neutrons. The polarization of
the neutrons transmitted through the SSS was determined
using a second precession coil spin flipper and a SM ana-
lyzer. For different trajectories of the main beam through the
solenoid, we measured all four spin-dependent transmissions
T++, T+−, T−+, andT−−, where the first(second) index refers
to the initial (final) neutron spin state and the “1” (“2” )
symbol corresponds to the up(down) state of the neutron.
We define the front(rear) instrumental flipping ratio asFf

=T++/T−+ sFr=T++/T+−d. Figure 1 shows the front transmis-
sion asymmetryAf, which is related to the flipping ratio by
Af =sFf −1d / sFf +1d, as a function of the translation and the
rotation angle of the SSS. The front and rear(not shown)
transmission asymmetries were found to be reduced by no
more than 3% and 7% respectively, with a more substantial
drop occurring only for a small range of extreme trajectories.
This indicates depolarization is not an issue until neutrons
pass very close to the end cap holes. The difference between
the front and rear transmission asymmetries may be due to a
difference in the field homogeneity around the two flippers.

The uniformity of the analyzing efficiency of the3He
spin filter is determined primarily by the uniformity of the
gas thickness of the blown glass cell. For the Bullwinkle cell,
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we found that the gas path length varies by ±3% over the
useful area of the cell, which results in only a ±1% variation
in the analyzing efficiency.

C. Small-angle scattering of the 3He cell

The spin filter cell is made from GE18026 glass, which is
boron free and has low permeability to3He gas. Although
quartz has been used for SEOP, it is not ideal because of gas
loss in long-term use at the typical temperatures used for
SEOP. In addition, we have reliably obtained very long re-
laxation times with GE180 glass. Small-angle scattering
from the cell, if observable, would be superimposed on the
weak diffuse scattering from the sample. We measured the
small-angle neutron scattering signal from a3He cell on the
NG-7 SANS instrument at the NCNR, using a quasimono-
chromatic beam with a center wavelength of 0.6 nm and a
full width at half maximum(FWHM) of 0.07 nm.27 (The cell
tested is similar in geometry to the Bullwinkle cell, but filled
with a pressure of only 1.3 mbar.) The measured SANS on
an absolute scale(i.e, the macroscopic differential scattering
cross section) was almost constant in the measuredQ range
of 0.1–3 nm−1, indicating that there is no structure-induced
small-angle scattering from the cell. The measured scattering
of 0.016 sr−1 is consistent with the measured attenuation of
the neutron beam by the cell, assuming isotropic scattering.
We have measured an attenuation length of 55 mm±5 mm
for GE180 glass at a wavelength of 0.495 nm. The measured
neutron transmission through a GE180 cell is typically 0.88,
corresponding to a total glass thickness of 7 mm.

We also measured the small-angle scattering over a
range of ±3° around the beam axis with and without this test
cell at the sample position of the NG-1 reflectometer. After
correcting for cell transmission, the intensity difference be-
tween these measurements yields the small-angle scattering
from the 3He cell itself. We did not see any observable dif-
ference between measurements with and without the cell,
hence scattering from the cell contributes a negligible back-
ground in these experiments.

D. Time dependence of the 3He polarization

During our reflectivity experiments, the polarized3He
gas was not continuously optically pumped, hence the ana-
lyzing efficiency and transmission of the3He analyzer de-
creased with time due to an exponential decay of the3He
polarization. To determine the rate of decay for subsequent
data corrections, we measured the unpolarized neutron trans-
mission of the polarized3He cell at regular time intervals
with the SM polarizer and the sample out of the beam. At the
end of the experiment, we measured the neutron transmission
of the depolarized3He cell and extracted the3He polarization
as a function of time.28 During the course of the 65 h experi-
ment, the3He polarization decayed from 70.5% to 50.2%,
corresponding to a decrease in3He analyzing efficiency from
0.972 (flipping ratio of 71) to 0.904 (flipping ratio of 20),
and a decrease in transmission of the desired spin state from
36.5% to 20.2%. An exponential fit to the3He polarization
yielded a relaxation time of 195 h±4 h. The relaxation time
of the 3He gas in the Bullwinkle cell has previously been
measured by nuclear magnetic resonance20 to be 520 h,
which is dominated by dipole–dipole relaxation.29 However,
in the SSS there is additional relaxation due to a magnetic
field gradient.30 In both earlier off-line tests and a previous
NG-1 experiment22 we had observed a relaxation time of
350 h in the SSS, which was consistent with a measured
gradient of 3310−4 cm−1 in the magnetic field. The lower
value of 195 h observed in this experiment may be due to
gradients produced by guide fields that were improvised to
maintain the polarization of the neutron beam. We are cur-
rently constructing a new shielded solenoid with the goal of
obtaining relaxation times that are not limited by field
gradients.

The relaxation time in the SSS was optimized off line by
mapping the field and by measuring the relaxation of low
pressure cells. At a pressure of 1.3 mbar, the relaxation rate
due to magnetic field gradients is 1000 times faster than in
the Bullwinkle cell, allowing relaxation tests to be performed
on a relatively short time scale. The low pressure cells are
optically pumped using a compact MEOP apparatus that em-
ploys a low power diode laser31 and a static polarimeter.32

Although the magnetic shield almost completely avoids the
need for compensating coils on the ends of the short sole-
noid, we found that seven turns were still necessary. After
demagnetizing the shield and optimizing the number of com-
pensation coils, we measured a relaxation time of 350 h for
the Bullwinkle cell, which is still lower than what should be
possible for the SSS. Field maps suggest that spatial inho-
mogeneity in the magnetic shielding material or asymmetry
in the solenoid-end cap separation may be the limiting factor.

III. NIST NG-1 REFLECTOMETER CONFIGURATION

A. Conventional supermirror polarizer and
analyzer

In the standard configuration of the NG-1 reflectometer
shown in Fig. 2(b),33 a monochromatic neutron beam with a
wavelength of 0.475 nm and a resolutionsDl /ld of 1.5% is
provided by reflection from a pyrolytic graphite monochro-
mator. After the neutrons are incident upon a Fe/Se super-

FIG. 1. (Color online) Contour plot of the front transmission asymmetryAf

as a function of the translation and the rotation angle of the SSS. The SSS
was located in the sample position and no3He cell was in the SSS. This
shows that neutron depolarization is not an issue until neutrons pass very
close to the end cap holes.
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mirror and pass through a precession coil spin flipper, the
neutron flux at the sample location is typically 1.3
3104 cm−2 s−1. The neutrons scattered from the sample pass
through a second spin flipper, reflect from a supermirror ana-
lyzer, and are detected by a 2.5 cm diameter3He propor-
tional counter, which we will refer to as the “pencil” detec-
tor. The neutron polarization is maintained by a guide field
perpendicular to the scattering plane along the entire neutron
flight path. The polarizing efficiencies of the two supermir-
rors are typically about 98% and the efficiencies of the spin
flippers are above 97%.

In a reflectivity experiment, the neutrons are incident
upon the sample surface at an angleui and scattered at an
angle u f as shown in Fig. 2(a). For scans with the pencil
detector, the sample can be rotated to varyui and the angle of
the detector arm can be moved to vary 2u=ui +u f. The
specular reflectivity is measured by varyingui and 2u to-
gether in a 1:2 ratio(ie., 2u=2ui). The off-specular reflectiv-
ity is typically sampled by scanningui at a fixed value of 2u
(i.e., rocking curve) or by scanning 2u at a fixed value ofui.
Thorough characterization of the off-specular scattering is
time consuming and requires, for example, a series of rock-
ing curves at different values of 2u.

B. 3He analyzer and PSD

For our demonstration experiments described here, the
3He analyzer and PSD were used in lieu of the supermirror
analyzer and pencil detector, respectively. The3He/PSD sys-
tem was mounted on the same arm as the pencil detector
with an offset in 2u of 18°. As schematically shown in Fig.
2(c), the supermirror analyzer was removed when the3He
analyzer was used to avoid possible effects of strong mag-
netic fields on the3He spin filter. The neutron polarization
was maintained by a vertical guide field along the entire
neutron flight path, except where the neutron spin is adiabati-
cally rotated to be along the field in the SSS as discussed in

Sec. II B. The distance between the sample and the center of
the 12-cm-wide, 5-cm-high, 256 pixel PSD was 123 cm. Us-
ing a piece of tape that exhibits strong, isotropic scattering,
we measured the overall efficiency of the PSD relative to the
pencil detector to be 70% ±9%. During our experiment with
the 3He analyzer, the efficiency of approximately 50 pixels
near each edge was reduced due to shadowing by the circular
hole in the end caps of the SSS.

For a fixed value of incident scattering angleui, the PSD
detects the neutrons scattered over a range of 2u values. The
specular and off-specular scattering can thus be measured
simultaneously over a wide angular range by scanningui.
Interpretation of the PSD data requires a precise calibration
of the angular position of each pixel. Using an unpolarized
beam to calibrate the PSD, we scanned the PSD through the
Bragg positions of the first and third order superlattice peaks
for a fFe/Wg30 multilayer with a bilayer thickness of
7.5 nm.34 For each of the superlattice peaks, we fit the inten-
sity profile(intensity vs pixel) to a Gaussian for each angular
position of the PSD. We then obtained a linear relationship
between the pixel number corresponding to the peak of each
Gaussian and the scanned angle of the PSD, yielding a value
of 0.02213° ±0.00007° per pixel relative to the sample posi-
tion (0.475 mm between two adjacent pixels).

During data reduction, we first converted each pixel po-
sition to 2u and then corrected the measured intensity for the
average pixel efficiency. Throughout the run, the efficiency
of all the polarizing elements was monitored by measuring
the four spin-dependent transmissions for the main beam.
The initial instrumental flipping ratio was determined to be
34 (31) using the spin flipper before(after) the sample. These
values were slightly lower than the value of 37 expected
from the combined efficiencies of the individual elements.
We attribute this difference to imperfect transport of the neu-
tron spin. Using the measured time-dependent efficiency of
the 3He analyzer, the polarization efficiencies for the SM
polarizer and two spin flippers were obtained using proce-
dures described elsewhere.35 Time-dependent polarization
corrections were then applied to the raw PSD data and the
data from different scans were added together(if appropri-
ate). The data were then corrected for footprint effects,33

which is necessary because the sample does not fully inter-
cept the incident beam at the smallest scattering angles. We
note that the instrumental background was quite small during
these runs(,0.016 s−1 per pixel) relative to the scattered
intensity. Correction for the instrumental background was
thus neglected.

IV. 3He/PSD EXPERIMENT

A. Sample characteristics

The patterned Co sample was prepared using x-ray li-
thography at the Center for Advanced Microstructures and
Devices, Louisiana State University. It consists of a single
Co layer of 1000 nm deposited on a silicon substrate. A pho-
toresist mask was applied to the Co layer surface to etch
away<20 mm by <20 mm sections of the Co layer, forming
periodic rectangular holes(“antidots”) in the Co layer. The
edge-to-edge separation between the antidots is<20 mm.

FIG. 2. Schematic diagrams of the NG-1 reflectometer at the NIST NCNR:
(a) a plane view of the scattering geometry;(b) conventional SM analyzer
configuration;(c) 3He/PSD configuration. The3He analyzer and PSD were
mounted on the same arm of the instrument as the pencil detector. Collimat-
ing slits (not shown) were used in the conventional configuration, but were
not used after the sample in the3He/PSD system. The sample and guide
field are vertical(along they axis) except for the field in the SSS, which is
along the neutron beam.
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The magnetic field applied to the sample was provided by a
custom, split-coil, water-cooled electromagnet with a maxi-
mum field of 700 mT.

B. Measurement geometry and comparison to the
pencil 3He detector

As shown in Fig. 2, the plane of the sample, one of the
sides of an antidot, and the guide field were vertical(along
they axis). We measured all four reflectivitiesR++, R+−, R−+,
andR−− at each applied field value.R++ andR−− are nonspin-
flip (NSF) reflectivities, which are sensitive to both the
chemical structure and the projection of the in-plane magne-
tization parallel to the neutron polarization(applied field
direction).35 The difference betweenR++ andR−− is sensitive
only to the in-plane magnetization parallel to the neutron
polarization. R+− and R−+ are spin-flip (SF) reflectivities,
which are purely magnetic and sensitive to the in-plane mag-
netization perpendicular to the neutron polarization.35 The
wave vector transfersQx and Qz [seex and z directions as
shown in Fig. 2(a)] in the sample geometry can be expressed
as a function ofui andu f

Qx =
2p

l
scosu f − cosuid, s1d

Qz =
2p

l
ssinu f + sinuid, s2d

wherel is the neutron wavelength. These equations are use-
ful in understanding the two-dimensionalQx−Qz map as dis-

cussed later. Ifui =u f, then Qx=0, which corresponds to
specular scattering; All other scattering is off-specular scat-
tering. Specular scattering provides a depth profile of the
structure and magnetization(magnitude and orientation) av-
eraged across the sample plane. Off-specular scattering for
the antidot sample studied in this work arises from the arti-
ficial pattern of Co antidots and magnetic domains in the
sample plane(see Sec. IV C).

PNR measurements were obtained first with the sample
in a 0.1 T field applied parallel to the neutron polarization,
which saturated the magnetization. For each incident angle
ui, the reflectivity at a range of scattering angles 2u was
obtained from the PSD. By varyingui, a two-dimensional
Qx−Qz map was constructed. The data, corrected for the po-
larizing efficiencies, are shown in Fig. 3(color). Only R−−

[Fig. 3(a)], andR+− [Fig. 3(b)] reflectivities are shown here.
The red curve in Fig. 3(a) shows Qx vs Qz plotted for a
constant incident anglesui =0.35°d. The white holes in Fig. 3

FIG. 3. (Color online) Two-dimensionalQx−Qz maps of reflectivities for
the Co antidot sample:(a) R−− and(b) R+− for the magnetized states0.1 Td.
The absolute reflectivities shown have been corrected as described in the
text. R++ andR−+ reflectivities are not shown here due to their similarity to
R−− andR+−, respectively. The red curve in Fig. 3(a) showsQx andQz for a
fixed incident angleui sui =0.35°d. The white holes in Fig. 3 correspond to
data points where a negative result occurs as a result of data reduction.

FIG. 4. Comparison of the reflected intensities obtained for 2u=0.77° sQz

<0.178 nm−1d: (a) R−− and(b) R+− for a field of 0.1 T with the SM analyzer
(filled circles) and the3He analyzer(open symbols). For the3He analyzer/
PSD data,R++ (triangles) is also compared withR−− (circles). For clarity, the
R−− data obtained with the SM/pencil detector configuration have been
shifted up by an order of magnitude. We believe that the off-specular peak in
the SM/pencil detector data forR+− may be due to a spurious reflection.
Comparison between the other two reflected intensities,R++ and R−+, ob-
tained with the SM analyzer/pencil detector and3He analyzer/PSD are in
good agreement(not shown). The larger uncertainties for theR+− data ob-
tained with the3He analyzer/PSD configuration are due to a lower total
number of counts.
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correspond to data points where a negative result occurs as a
result of data reduction. The data in Fig. 3(b) generally fall
within the uncertainties in our corrections, which are difficult
to show in these two-dimensional color maps. The specular
scattering is evident atQx=0.

To confirm our measurements obtained with the
3He/PSD, we compared them to data obtained with the SM
and pencil detector. We measured the scattered intensities
with ui varied for a single scattering angles2u=ui +u f

=0.77°d, and with the scattering angle varied for a single
incident anglesui =0.35°d. Figure 4 shows the reflected in-
tensities R−− (a) and R+− (b) for 2u=0.77° sQz

<0.178 nm−1d in a saturating fields0.1 Td measured with
both the SM analyzer apparatus and the3He analyzer/PSD
apparatus. Comparisons of the other two reflected intensities
R++ andR−+ are not shown here. Accounting for the limited
resolution of the PSD, the two sets of data show good agree-
ment. The intensity modulation alongQx in Fig. 4(a) origi-
nates from the periodic arrangement of artificial Co antidots
across the sample plane as described before. Of particular
significance is that the superlattice peak positions are the
same in each data set. As expected, the SF reflected intensity
was negligible[Fig. 4(b)]. The primary difference between
the SM analyzer and the3He analyzer data is the resolution,
which is much better for the SM configuration due to the use
of collimating slits after the sample. We note the presence of
the peak atQx=−6310−4 nm−1 sui =0.2°d. We believe this
peak is possibly due to those scattered neutrons that hit the
edge of the collimating slit and reach the detector. To account
for differing numbers of counts for the SM/pencil detector
and 3He/PSD configurations, the data were scaled to make
the background intensities equal. The larger uncertainties for
the R+− data obtained with the3He/PSD configuration are
due to a lower total number of counts.

Figure 5 shows a plot of theR−− reflected intensity as a
function of the scattering angle 2u at a fixedui of 0.35° in a
field of 0.1 T. In this case neitherQx nor Qz is constant[for
example, the red curve in Fig. 3(a)]. The good agreement
between the data measured with the SM analyzer and the3He
analyzer provides confidence for further application of the
3He/PSD apparatus. For data taken with the3He analyzer/
PSD configuration, a Plexiglas attenuator was placed just in
front of the PSD to prevent the PSD from saturating. The
higher intensities for the3He analyzer/PSD data at large scat-
tering angles may be due to the background from the Plexi-
glas attenuator and/or the absence of the two collimating slits
that were only used for the SM and the pencil detector con-
figuration.

After removing the sample electromagnet, we demagne-
tized the Co antidot sample by immersing it in an oscillating
magnetic field of decreasing magnitude. This was accom-
plished by simply alternating the orientation of a permanent
magnet by hand, while slowly moving the magnet away from
the sample. We measured the four reflectivities with the3He
analyzer/PSD setup after the Co antidot sample was demag-
netized and small guide field of 0.5 mT was applied on the
sample. A two-dimensionalQx−Qz map is shown in Fig. 6
(color). The specular scattering is evident again atQx=0.
Only R−− [Fig. 6(a)], and R+− [Fig. 6(b)] reflectivities are
shown here. Again, the white holes in Fig. 6 correspond to
data points where a negative result occurs as a result of data
reduction. In Fig. 7, the results are compared with those ob-
tained from the fully magnetized state at 2u=0.77°. As ex-

FIG. 5. Comparison of theR−− reflected intensity atui =0.35° and at a field
of 0.1 T: SM analyzer data(filled circles) and3He analyzer/PSD data(open
circles). Comparison of theR++ reflected intensities(not shown here) is
similar to that of theR−− reflected intensities. The higher intensities for the
3He/PSD data at large scattering angles may be due to the background from
the Plexiglas attenuator.

FIG. 6. (Color online) Two-dimensionalQx−Qz maps of reflectivities for
the Co antidot sample:(a) R−− and(b) R+− for the demagnetized state(zero
applied field). The absolute reflectivities shown have been corrected as de-
scribed in the text.R++ andR−+ reflectivities are not shown here due to their
similiarity to R−− andR+−, respectively. The white holes in Fig. 6 correspond
to data points where a negative result occurs as a result of data reduction.
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pected, the SF scattering intensities are stronger in the de-
magnetized state than in the fully magnetized state.

C. Results and interpretation

In a 0.1 T field, the sample is fully magnetized. TheR−−

reflected intensity is much stronger thanR++ [Fig. 4(a)],
whereas the SF reflected intensity was negligible[Fig. 4(b)].
These results indicate that almost all spins are aligned in the
sample plane parallel to the applied field. The periodic array
of Co antidots gives rise to off-specular superlattice peaks.
These peaks are superimposed on the broad, diffuse scatter-
ing background that originates presumably from roughness
and domains. These satellite peaks allow the determination
of the lateral periodicityd by the simple relationd=2p /Qx.
The in-plane periodicity is determined to be 40mm from the
data in Fig. 4(a), consistent with the separation distance of
40 mm between the centers of two adjacent antidots deter-
mined from the film growth. We note that a patterned sample
with holes 20mm wide and 40mm center-to-center separa-
tion, oriented along either the[01] or the [10] direction,
should yield an interference pattern with a missing second
order peak. The presence of the second order peak shown in

Fig. 4(a) may indicate oxidation of the sample during long-
term storage, which could result in a change of the antidot
size (for example, a 30% increase in the antidot size is re-
quired to distinguish the second order peak from back-
ground).

When the sample is in the demagnetized state, there is
no significant difference between theR++ (not shown here)
and R−− NSF reflected intensities, implying the absence of
any net magnetization parallel to the guide field. As shown in
Fig. 7(b), we observed significant SF scattering in the de-
magnetized state compared to that in the fully magnetized
state. No superlattice peaks can be discerned in the off-
specular NSF scattering in the demagnetized state[Fig. 7(a)].
Magnetic disorder due to in-plane magnetic domains and the
uniform magnetization of interlayers with rough interfaces
(magnetic roughness) could yield a broad diffuse scattering
peak.15 The inverse of the FWHM of the magnetic diffuse
peak is approximately equal to the in-plane coherence
length.15 Since theR−+ andR+− SF scattering are purely mag-
netic, the in-plane coherence length is probably equivalent to
the size of in-plane magnetic domains. Fitting theR+− data as
shown in Fig. 7(b) to a double Gaussian to obtain the
FWHM of the broader peak provides an estimate of 6mm
for the magnetic domains in the demagnetized state. These
domains are smaller than the separation distance between the
adjacent antidots, consistent with microscopy results for
Ni80Fe20 antidots in remanence.36 Our results provide in-
sights into the demagnetization process for these antidot
structures.

In summary, we have polarization-analyzed specular and
off-specular scattering at a broad range of angles simulta-
neously, using a polarized3He analyzer in conjunction with a
PSD. The3He/PSD system is useful for a survey map of
reciprocal space, allowing rapid determination of regions
with pronounced off-specular scattering. The combination of
a polarized3He analyzer and a PSD is efficient for probing
in-plane structures and magnetic domains from,0.1 to
<40 mm and layer thicknesses from 1 to 1000 nm. By op-
erating the3He analyzer as a polarizer, the analyzing effi-
ciency of the3He spin filter and its time dependence were
determined independently of other elements in the polarized
beam. The polarization declines on a time scale of several
hundred hours because of the nearly complete suppression of
wall relaxation in sealed spin-exchange optical pumping
cells. This time scale is appropriate for time required for
complete reflectivity characterization of a sample. In addi-
tion, SEOP will be convenient for future continuous optical
pumping of a3He analyzer on a beamline.
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